The study of how surface tension gradients affect the mixing of liquids is beneficial in understanding applications
INTRODUCTION
Because of the continued interest in microfluidic systems, which play a major role in lab-on-a-chip applications, droplets have been studied for their ability to transport, collide, and mix with other droplets (Muradoglu and Stone, 2005; Grigoriev et al., 2006; Tanthapanichakoon et al., 2006; Lai et al., 2010; Carroll and Hidrovo, 2013) . Laboratory tests that once required bigger samples and multiple-step processes involving constant human intervention can now be simplified by manipulating small-volume droplets in a miniature device. One of the key parameters that govern the success of such applications is the mixing of the droplets. This has direct implications on the reaction time of the reagents under testing (Stone et al., 2004; Hessel et al., 2005; Lee et al., 2011) .
To date, the most commonly reported methods of determining liquid diffusion coefficients include the Taylor dispersion method (Pratt and Wakeham, 1974; Tominaga and Matsumoto, 1990; Harris et al., 1993) , light scattering (Corti and Degiorgio, 1975; Paradies, 1980; Streletzky and Phillies, 1995) , and pulsed-field gradient nuclear magnetic resonance (PFG-NMR) (Brown et al., 1989) . Although these methods provide a fundamental understanding of how diffusion coefficient can be determined, none have investigated how the mixing rate is affected when an air-liquid interface is present.
Other works that study droplets in an air-liquid interface have been carried out, but most have only delved into the coalescence morphology of the interacting droplets. For example, through growing droplets from condensation to yield coalescence, Andrieu et al. (2002) found that the droplets merge into a spherical cap or a less-elongated droplet. Sellier and Trelluyer (2009) performed a numerical simulation that showed two droplets merging and finally becoming a spherical cap, confirming their empirical observations. Further, based on top-view geometrical analysis, they showed that the radius of the neck region increases when the sum of the two droplets' radii decreases, culminating in coalescence. Eddi et al. (2013) showed that two droplets brought together slowly with a needle to induce coalescence exhibited a neck height growth proportional to t 2/3 for contact angles less than 90
• . At 90 • , the height growth transitions to t 1/2 . A more involved study was carried out by Karpitschka and Riegler (2010) , where the group posited that whether two different but miscible droplets would coalesce or remain in a temporary noncoalescing state depends on the surface tension gradient, ∆γ, and the average adjoining contact angle,θ a .
The most recent characterization of the mixing of two droplets performed in the presence of an air-liquid interface was performed by Yeh et al. (2014) . Their comprehensive results of chemical reaction and mixing using a two-droplet system show the formation of fingers when a NaOH droplet mixes with a phenolphthalein droplet. This phenomenon was attributed to thermal instabilities between the chemicals.
To date, terms such as mixing coefficient (Li et al., 1984) , degree of mixing (Stroock et al., 2002) , uniformity of mixing (Xia et al., 2005) , mixing efficiency (Tofteberg et al., 2009 ), mixing rate (Liu et al., 2010) , and mixing index (Bansal and Sen, 2016) have been used to define how well two liquids mix. These terms signify the overall effect of molecular diffusion combined with advection or flow towards mixing.
Herein, we investigate the mixing rate from the standpoint of surface tension arising from the presence of an air-liquid interface. In addition, the effect of surface tension gradients arising from two different but miscible liquids is investigated. Through experimental findings and numerical simulations, we provide an insight into the factors that affect the mixing of two liquid droplets.
MATERIALS AND METHODS
An ethanol (EtOH) droplet is coalesced with a droplet of yellow food color, tartrazine E102 (Hansells, New Zealand), used as received. The main ingredient in the food color is water. By volume, the EtOH solutions tested ranged from 0% to 90%. Using a micropipette (0.2-10 µl Picus, Biohit), a 1-µl EtOH droplet is first deposited on a piece of planar polyethylene (PE) sheet, followed by the deposition of a 1-µl tartrazine droplet, slightly touching the EtOH droplet in order to induce coalescence. The experiment was recorded at 500 frames per second using a setup consisting of a camera (Photron Fastcam SA5), a high-intensity light, and recording software (Photron Fastcam Viewer). The setup is as shown in Fig. 1 .
Three runs were performed for every concentration tested. Judicious visual assessment of the individual frames was carried out to determine the time points at which the droplet starts coalescing, and the instant when the droplet stops mixing. According to the frames selected, we determined the area mixed through two methods: (a) by measuring the mixed area, and (b) by extracting a line profile from the mixed region. The differences in the area mixed and the line profiles were analyzed using ImageJ ( Rasband, 1997) and Gwyddion (Nečas and Klapetek, 2012) , respectively. The mixing time was determined as the time elapsed between the two frames selected, and was obtained through the straightforward subtraction of the times recorded at both frames.
FIG. 1:
Experimental setup for the mixing of droplets: a yellow food color droplet and an EtOH droplet
RESULTS AND DISCUSSION
Using a goniometer (KSV Instruments), we measured the contact angle of a 1-µl tartrazine droplet on a PE sheet: 75
• . This value is comparable to the measured contact angle of a water droplet on PE: 73 • . To study the contact angle formed when tartrazine mixes in EtOH, we took a 1-µl aliquot of various EtOH concentrations mixed with an equal volume of tartrazine and measured its contact angle. As the EtOH concentration increases in the mixture, its contact angle decreases (see Fig. 2 ). Our measured contact angles ranged from 56
• to 75
• for the tartrazine mixed in EtOH concentrations of 0% -90%.
Regardless of the concentration, a 1 µl of EtOH pipetted onto a PE sheet resulted in a clear circular droplet. We omitted using 100% EtOH as the droplet formed was not stable due to rapid evaporation. Through a two-dimensional visual depiction (see Fig. 3 ), our experiment can be categorized into four main stages:
(i) Slight contact-the deposition of tartrazine adjacent to the EtOH droplet to achieve a slight contact between the two droplets to induce coalescence Our interpretation of the "mixed-state" is analogous to the "mixing length" definition used by Yeh et al. (2014) to describe the distance between the tip and the rear of the fingers formed during mixing. The mixed area is defined by the area traversed by tartrazine following the initial coalescence up to the mixed state. Visually, it is pictured as the clear area or pure EtOH region during the initial coalescence [as in Fig. 3 (ii)]. A piece of graph paper placed underneath the PE sheet provided visual aid in the quick assessment of the area. The analysis of the area mixed using ImageJ for all EtOH concentrations tested showed an increasing trend (Fig. 4) . To understand the effect of EtOH concentration on the footprint area of a droplet, 1-µl tartrazine droplets of various EtOH concentrations were prepared and measured on a PE sheet. As shown in the inset of Fig. 4 , the footprint area increases as EtOH concentration increases, but only slightly from 20% to 80% EtOH. Therefore, our observation of the area mixed by tartrazine, which increases with EtOH concentration, is justified by the increase in droplet size.
We proceeded to determine the mixing time based on the time elapsed between the onset of coalescence to the onset of the mixed state. Shown in Fig. 5 , the tartrazine droplet took a longer time to reach the mixed state with increasing EtOH concentration. Again, this is a consequence of the larger footprint as EtOH concentration increases.
We determined the mixing rate by taking the ratio of the area mixed to the mixing time. The mixing rate did not vary much with increasing EtOH concentration, and the average mixing rate obtained was 8.21 × 10 −6 m 2 /s (Fig. 6 ). The mixing rate of tartrazine in only water, i.e., 0% EtOH, was calculated to be 9.22 × 10 −6 m 2 /s. Previous works on the mixing of tartrazine in water are scarce. Therefore, the closest comparison we were able to make was through the work of Werts et al. (2012) , where they reported the molecular diffusion of tartrazine in a phosphate-buffered saline solution (PBS; 10 mM phosphate buffer at pH 7.4 with 137 mM NaCl and 2.7 mM KCl in water). The diffusion coefficient obtained was 4.9 × 10 −10 m 2 /s, measured using the ratiometric microfluidic H-filter method, which does not incorporate the effects of Marangoni since it was performed in an enclosed microchannel. Using the pendant droplet method, we measured the surface tension value of a tartrazine droplet (goniometer, KSV Instruments) and found it to be ∼ 137 mN/m, almost twice that of water (σ water ∼ 72 mN/m). Clearly, the surface tension gradient had played a role in the improvement of the mixing rate, when we compare our results for 0% EtOH to the results of Werts et al. (2012) .
We then analyzed our values obtained from mixing tartrazine in aqueous EtOH solutions. Because none have reported the mixing of tartrazine in EtOH, we compared our values with those reported by previous works pertaining to the molecular diffusion of EtOH in water, since the main ingredient in the tartrazine solution is water. To date, all measurements reported values in the 10 −9 m 2 /s range, obtained using enclosed setups, i.e., without Marangoni effects. For instance, Hammond and Stokes (1953) and Easteal and Woolf (1985) used the diaphragm cell method; Pratt and Wakeham (1974) , Tominaga and Matsumoto (1990), and Harris et al. (1993) used the Taylor dispersion method. Our two-droplet system, which incorporates an air-liquid interface, shows an improvement in the mixing rate by three orders of magnitude when compared to molecular diffusion alone. Our second method of determining the mixing rate involved extracting a line profile across the mixed region of the droplets. A similar method has been reported by Hessel et al. (2005) to show concentration profiling along a cross section, presented as values of optical properties. As shown in Fig. 7 , we chose two consecutive frames, where Profile 1 precedes Profile 2, to visually depict the mixing of tartrazine in EtOH. At the onset of coalescence shown in Profile 1, a line profile was extended to span the clear EtOH and part of the tartrazine that has coalesced into the EtOH droplet. The unmixed region refers to the clear EtOH region. Subsequently, in Profile 2 where mixing has occurred, the same line profile spans the same location, only this time it covers the mixed region, where the region formerly We then calculated the mixing rate by evaluating x 2 /t, where x is the distance of the mixed region, and t is the elapsed time between the two profiles. Through a linear regression fit, we found the values obtained using this method comparable to the ones obtained using area measurement, as shown in Fig. 8 . This finding confirmed our initial results in that the increase in EtOH concentration did very little in changing the mixing rate. The average mixing rate obtained from the line profile extraction method was 8.22 × 10 −6 m 2 /s, which is close to 8.21 × 10 −6 m 2 /s, obtained from the area-difference method. Our methods of determining the mixing rate were analogous to the mixing quantification reported by Krasnopolskaya et al. (1999) , in which both the elements of area and intensity were considered.
FIG. 8:
Comparison of the mixing rate values obtained using line profile extraction and area measurement of the mixed droplets
Interfacial Phenomena and Heat Transfer
To verify our results, we modeled our experiments by first constructing a spherical cap that represented the initial droplet. The formula for the volume of a spherical cap is given by
where a and h are the radius and the height of the spherical cap, respectively. Substituting the trigonometric relations
and
we obtain
where R is the radius of the hemisphere, and α = 90
• -contact angle. Using experimental values of V cap = 2 µl and an intermediate measured contact angle value of 64
• (see Fig. 2 ), we obtained a = 1.21 mm and h = 0.76 mm. These dimensions were used to construct a spherical cap for our model. Using the Laminar Two-Phase Flow, Moving Mesh physics in COMSOL, we incorporated the effects of the surface tension gradient by specifying the surface tension coefficient, σ, of the combined tartrazine and EtOH droplet, modeled as one coalesced droplet. The equation that models the air-liquid interface is
where n is the normal to the interface, T is the stress tensor, ∇ t is the surface gradient, p ext is the external pressure, and ∇ t · n is the surface divergence of the normal vector. The initial conditions include a spherical cap with zero internal velocity, zero external pressure, and a combined surface tension, σ, which we have assumed as 0.072 + (0.021 − 0.072) * c N/m, where c was set to 0 for t < 0 and 1 for t > 0. This expression is represented by the surface tension of water, 0.072 N/m, and the surface tension of EtOH, 0 .021 N/m. To incorporate the effects of gravity, F = ρg was specified, where ρ = 999.97 kg/m 3 , to solve for the velocity field, u, through the following Navier-Stokes equation modeled in COMSOL:
To account for possible slip between the liquid and the solid interface, the following equation,
was included, with µ denoting the dynamic viscosity, and β = 0.2 * h representing the slip length for a mesh element size of h. In addition, to incorporate molecular diffusion and convection within the droplets, we included the Convection-Diffusion Equation physics in our model, which solves for
where c is the concentration, D the molecular diffusion coefficient, and A the velocity. This equation allowed us to vary the diffusion coefficient. The dynamic boundary condition is defined by zero flux at the solid surface and free surface:
where n indicates the normal to the boundary. The kinematic boundary condition at the free surface is given by
The efficacy of the model built was first verified by testing different diffusion coefficient values. We define how good the mixing is by expressing the concentration deviation per volume as δc = 1 2
where c eq represents the equilibrium concentration. Therefore, δc approaches 0 as the droplets reach the fully mixed state. This formula is analogous to the mixing index, M i , reported by Lai et al. (2010) . From the combined surface tension expression, σ = 0.072+(0.021 − 0.072) * c, we have defined c as a step function, i.e., 0 < c < 1. Therefore at concentration equilibrium, c eq needs to be 0.5 to represent equal concentration of water and EtOH. As such, Eq. (11) can be computed as
Using molecular diffusion values of D = 1 × 10 −6 , 1 × 10 −7 , and 1 × 10 −8 m 2 /s, the concentration deviation decayed exponentially with time before reaching the mixed state at concentration 0 (Fig. 9) . Further, our model verified that it took longer to reach the mixed state when the molecular diffusion coefficient is smaller, as one would expect.
We predicted a similar trend if surface tension effects were disregarded. To that end, we ran a simulation using only the Convection-Diffusion model with the velocity field set to 0, to yield the mixing time resulting from molecular diffusion alone. While the trend was similar to that of with surface tension was incorporated, the time taken to reach the mixed state was higher by one order of magnitude, as shown in Fig. 10 .
To quantify the impact of surface tension gradient on mixing, we compared the time constant, τ, obtained from fitting a semilog plot from the individual exponential decay plots presented in Figs. 9 and 10 . The values for τ were calculated as the inverse of the slopes. We found that with surface tension, or with Marangoni, the time taken to reach the mixed state was always lower, compared to only molecular diffusion, or without Marangoni. A 4% improvement in τ was observed for D = 1 × 10 −6 m 2 /s, followed by a 42% improvement for D = 1 × 10 −7 m 2 /s, and an 87% improvement for D = 1 × 10 −8 m 2 /s (Fig. 11) . These results showed that surface tension gradient played a more significant role at smaller diffusion coefficient values, as one would expect. Similarly, Blanchette (2010) performed simulations that showed significant mixing induced by surface tension gradients. We then tested the impact of varying the EtOH concentration, in which the latter was manifested as different surface tension values in the model. This was accomplished through the combined surface tension expression stated earlier in the form 0.072+(s − 0.072) * c N/m, where s is now the surface tension of various aqueous EtOH solutions, obtained from Vazquez et al. (1995) . The s values used in our simulations are as shown in Table 1 .
Our simulation showed little to no variation in mixing time for the concentrations tested (Fig. 12 ). This agrees with our experimental results (Fig. 8) , where the mixing rates of tartrazine in various EtOH concentrations were almost constant.
We then ran the simulation using our measured contact angle values (see Fig. 2 ). As shown in Fig. 13 , the concentration deviation is slightly higher for lower contact angles. This could be due to the area being larger for a higher contact angle droplet, hence the higher likelihood of the stretching and folding of liquid. Despite the deviations, a mixing time of ∼ 0.8-0.9 s was found for all the contact angle values. Experimentally, we found that the mixing time ranges from 0.6 s to 2 s (see Fig. 5 ) for the EtOH concentrations (0%-90%) corresponding to the contact angle values tested. Although it was not an exact match, our simulation was able to predict a mixing time that was still within the values obtained experimentally.
To better understand the impact of contact angle on mixing time, we widened the range of contact angle values used in our simulation. As shown in Fig. 14 , it takes longer to reach the mixed state at a smaller contact angle; for example, a 20
• droplet takes almost twice as much time compared to a 90 • droplet. Since volume is fixed in our simulations, a 20
• droplet would occupy a larger footprint than a 90
• droplet. According to Fick's law of diffusion, J = −D(dc/dx), the amount of diffusing substance for a given time, J, is smaller when the length that the substance has to travel, x, is larger. This explains the results of our simulations, in addition to implying that a droplet on a hydrophobic surface mixes more efficiently than a droplet on a hydrophilic surface.
To understand the dynamics of the mixing droplets, we analyzed the velocity field and streamlines for various contact angles. The contact angle value is specified under the Wall-Fluid Interface, where necessary forces are applied by the software during simulation to bring the contact angle towards its equilibrium value. The flow in a 20
• droplet is unidirectional and lateral at the beginning of interaction, as shown in Fig. 15(a) . At t = 3.5 s, fluid flows from the bulk towards the air-liquid interface, where the surface tension is higher. The streamlines show a symmetrical flow from the edge towards the peak of the droplet. From t = 0.5 s to t = 3.5 s, the velocity magnitude at the surface had decreased by two to three orders of magnitude.
For a 90
• droplet, a recirculation from the middle of the droplet towards the surface where surface tension is higher appears as soon as interaction began, as shown in Fig. 16(a) . The streamlines at t = 0.1 s show two symmetrical vortices that meet at the center of the droplet. At t = 1 s, a second recirculation in the reverse direction appeared, resulting in a stagnation point. From t = 0.1 s to t = 1 s, the velocity magnitude at the surface had decreased by two orders of magnitude. Our results imply that a recirculating flow, rather than a lateral flow, improves the rate of mixing. Also, a 20 • droplet tends to deform more compared to a 90
• droplet upon mixing, as evident from Figs. 15 and 16.
Figures 15 and 16 also show the displacement of the droplet, observed as the shift of the droplet centerline from the origin. The surface tension gradient is expected to induce motion in the droplet system in the absence of hysteresis (Sellier et al., 2011 (Sellier et al., , 2013 . We indeed observed in our simulations that the center of gravity of the system shifts in the direction of increasing surface tension. In addition, we observed that a droplet displaces sooner and further for a lower contact angle, as shown in Fig. 17 . We have previously shown that a droplet with a lower contact angle travels further (Ng et al., 2016) . 
CONCLUSION
Our proposed two-droplet system, which incorporated surface tension gradients, shows significant improvements in the mixing of two miscible liquids, when compared to articles in the literature pertaining to mixing without the presence of an air-liquid interface. By tartrazine in water, as well as aqueous EtOH solutions, we obtained an average mixing rate value that was higher by three to four orders of magnitude, when compared to literature values of molecular diffusion alone. However, we observed very little change in the mixing rate of tartrazine in various EtOH concentrations; i.e., the mixing time was not highly influenced by the ethanol amount in the ethanol/water mixture. This indicates that only a small ethanol amount is required to generate a sufficiently large surface tension gradient to increase the mixing rate by a few orders of magnitude. This could be attributed to the increase in droplet footprint as the EtOH concentration increases, which led to higher mixing times. Therefore, the mixing rate, which is the ratio of the area mixed to mixing time, is barely affected by the EtOH concentration. This implies that the magnitude of the surface tension gradients tested had an insignificant impact on the mixing rate between the two liquids. We performed our mixing rate measurements using two methods, both of which showed comparable results.
To better understand our results, we constructed a laminar two-phase flow model using COMSOL, which encompasses a free surface, a contact line, and the Marangoni effect. Our simulations indeed showed the same mixing time for all EtOH concentrations tested. Further, the model showed a significant improvement in mixing time when Marangoni effects were present. This agrees with the comparison made between our experimental values and molecular diffusion coefficients from previous works.
Our model also predicts a stark improvement in the time constant at smaller diffusion coefficient values. By studying various contact angles, our simulations showed that a droplet with a higher contact angle requires less time to reach the mixed state. In conclusion, our experimental results, backed by numerical results, confirmed that the presence of Marangoni stress indeed improves the mixing rate of two miscible liquids. The mechanism presented herein shows an alternative way of achieving an enhanced mixing rate, as compared to only molecular diffusion, without the need for external sources. Potentially, the system can be applied in microfluidics, where the mixing of small-volume droplets is key but remains a challenge.
